The main objective of this article is to demonstrate by experimental measurements the capability of the quartz crystal resonator (QCR) to characterize samples of liquor at different concentrations of adulteration with methanol, classify them according to their viscosity, and identify how to use this capability as a potential detection of fake liquor. According to the literature, the fake liquor is a common problem detected in several countries across the globe. The current strategy to detect the fake liquor is based on a piezoelectric biosensor that permits the classification of the samples according to its viscosity. The viscosity is a useful variable to determinate the degree of adulteration in the liquor samples because the viscosity value between ethanol (straight liquor) and methanol (most common fake liquor) is very different.
Introduction
The adulterated alcohol or "fake alcohol" is a common problem detected in some countries. For instance, in the UK, the illegal alcohol is distilled and sent without a license, and its sale costs the UK around £1.2 billion per year [1] . In Greece, the improvised production of beverages named "meth" exists, done in illegal laboratories in an empirical way. The production commonly includes illegal alcohol with high concentration of methyl alcohol [2] . In India, there is a similar situation related to the illicit liquor. In these cases, one dangerous adulterant is industrial methylated spirit, which causes mass poisoning of consumers [3] . Moreover, in Czech Republic, the Czech food safety authority informed the public of persons suffering from methanol poisoning after having consumed "on tap" spirits. The product was unlabeled and supplied "in bulk" in plastic barrels [4] .
In particular, the Colombian case is not an exception. Studies performed by Colombian entities such as Externado University and the National Association of Industrialists (ANDI) reveal that the adulteration and falsification of locals have reached at 21% of the total offer. Javeriana University in another study concluded that one of each four bottles of liquors sold in Colombia has been falsified or adulterated. Moreover, Antioquia University from Colombia performed a study in which they observed that close to 50% of the liqueurs which are marketed in the Department of Antioquia, Colombia, are illegal, adulterated, or contraband [5] .
In most cases, the commercial liquor is adulterated using methanol [1, [3] [4] [5] , due to its low cost, and some physical characteristics are similar to those of the ethanol. Methanol (CH3OH) is an alcohol that is aliphatic, liquid, colorless, and volatile to room temperature. By itself, it is harmless, but its metabolites are extremely toxic. The methanol in industrial products, laboratories, and household products is commonly used. However, there is also a clandestine use like substituting of ethanol in alcoholic drinks. Although the intoxication may occur through the respiratory system or transdermally, in most cases, the exposition to methanol is through the oral way [6] .
According to the "Report of the event notification for acute poisoning by chemical substances up to the epidemiological period XI" in 2010, out of a total of 23,844 reported intoxications, there were a total of 282 cases of methanol intoxication and 10 deaths, with a percentage of 1.18% and an incidence of 0.62 per one hundred thousand inhabitants. During 2011, 351 cases of methanol intoxication and 7 deaths were reported. Moreover, there is a high notification of consumption in the age ranging between 10 and 24 years [7] . A report of FND (National Federation of Departments) reveals that, of the percentage of illegal liquor (24%), the 70% correspond to adulterated drinks [4] .
Although some cases of intoxication by methanol are due to suicide attempts, many times, the intoxication is caused by adulterated alcohol, which generally is distributed in bottles with labels very similar to those of the original drink but with methanol mixed to the original liquor. Therefore, the adulterated drink is not detectable to naked eye [2] .
The symptoms, depending on the affected system, when ingesting adulterated alcohol are [8] (i) nausea, vomiting, abdominal pain, and later-case affections in the pancreas (gastrointestinal system),
(ii) associated manifestations of neurologic type, which in cases of lack of treatment or late detection end in a coma state (central nervous system), (iii) decreased visual acuity until irreversible blindness due to atrophy of the optic nerve, indicating ocular involvement and representing an advanced development of the intoxication.
According to the descriptive study of methanol intoxications reported in SIVIGILA 2010-2011 in Colombia [9] , when the methanol is absorbed, it undergoes oxidation processes in the organ receptor which is the liver. The enzyme responsible for this transformation is the alcohol dehydrogenase, which oxidizes it to formaldehyde, and this in turn is oxidized to formic acid (responsible for blindness) by the aldehyde dehydrogenase. The treatment generally used to treat adulterated alcohol intoxication is based on the use of ethyl alcohol to prevent the formation of toxic methanol metabolites [9] .
In accordance with the problematic presentation, several techniques have been developed with the aim of detecting the adulterated liquor. The more typical laboratory techniques are the nuclear magnetic resonance spectroscopy with multivariate analysis [4] and near-infrared spectrometry (NIR) [10] . However, these techniques do not have possibilities to be used outside of the laboratory.
In Colombia, different strategies have been generated to detect the illegal liquor, divided into contraband and fake liquor cases; several years ago, for the detection of adulterated liquor, the monitoring and control program of alcoholic beverages was implemented, led by the ANDI (National Association of Industrialists) and the Ministry of Health and Social Protection with the participation of the national police, making presence in factories, warehouses, and liquor stores. For factories and warehouses, there are four visits per year, and for liquor stores, there are three visits. In these visits, the authorities make sure for sanitary conditions of the places and take random samples of a suspect batch of liquor, where these samples cannot be less than 1 liter or a bottle generally 750 cc. The first step in this process is to check the security seals and the label, the second step is to look for suspended solids inside the bottle, and the last step is to carry the sample to the corresponding authority lab and make physiochemical tests [5] .
In this work, the use of a sensor based on a quartz crystal resonator in order to identify adulterated liquor in a simple and low cost-way is proposed. This sensor is capable of operating as a microviscometer knowing the density of the liquid to be analyzed [11] [12] [13] [14] [15] . Samples at different "levels of adulteration" have been used to get results that confirm the difference between an original alcoholic drink and adulterated one with methanol in different concentrations.
Theory
The piezoelectric sensors are considered highly efficient sensing systems not only because of their low manufacturing cost but also because of their high accuracy, biofunctionalization capacity, sensitivity, and reliability in measuring the deposited sample, either gaseous or liquid media [11] .
In particular, the quartz crystal resonator (QCR) is a piezoelectric transducer sensitive to the deposition of rigid mass or liquids in contact with its surface (active electrode). The QCR is composed of two electrodes that are stimulated with AC voltage, and in consequence, the crystal vibrates. The crystal has a natural frequency of resonance that depends on its geometry and thickness; as a result, when the crystal is stimulated with a signal whose frequency is close to its natural resonance, the vibration increases. This phenomenon is visible by analyzing the behavior of the admittance or impedance of the crystal in the frequency domain [11, 16, 17] .
When the mass or liquid sample is deposited on the crystal surface, its resonance frequency changes in accordance with two equations: Sauerbrey for mass deposition (1) and Kanazawa for fluid deposition (2) .
where ρ q and G q are the specific density and the shear modulus of quartz, respectively; f 0 is the fundamental resonance frequency of the quartz, related to its thickness, and Δm is the thin film of mass deposited; A is the piezoelectrically active crystal area; ρ L and η L are the density and viscosity of the fluid, respectively; and n is the overtone number [11] .
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In addition to Sauerbrey and Kanazawa equations, the quartz crystal behavior can be modeled as an electrical resonator circuit [11, 16, 17] .
The electric model (BVD), shown in Figure 1 , explains this phenomenon as an addition of impedance depending on the type of sample. For liquids in contact with the crystal, the equivalent impedance is an inductance and a resistance which are in series.
The value of this impedance is related to the characteristics of the samples according to the following equations: ), A is the active electrode area (m 2 ), h q is the quartz crystal thickness (m), η q is the effective viscosity of quartz (3.5 × 10 −4 kg/m·s), and ω s is the series resonance frequency (2πF s ). For the liquid, ρ L and η L are the density of the liquid sample (kg/m 3 ) and the viscosity of the liquid sample (kg/m·s), respectively [17] . Figure 2 shows the conductance behavior (Geq) for the unperturbed crystal (kept in air) and the crystal in contact with liquid. The maximum value of conductance takes place in the frequency of resonance.
According to theoretical models, when the crystal electrode is in contact with liquid samples, the conductance curve changes, moving to the left in the axis of frequency, increasing its bandwidth and decreasing its conductance magnitude (Figure 2) .
The values of ΔF and ΔΓ represent the changes in the behavior of the crystal due to the properties of the sample, and these are obtained using
Materials and Methods

Samples.
The experiments were done with seven adulterated samples and three references; the commercial liquor (Ron) was purchased in a local market. It has 35% v/v of alcohol concentration and was used as one of the three references for the quartz crystal resonator (QCR) system. The other two references were ethanol (99.8% w/w, Merck) and methanol (99.8% w/w, Merck). The commercial liquor was adulterated in the Central University laboratory, but its alcohol concentration was kept, by addition of deionized water and methanol in levels of 10%, 25%, 35%, 50%, 55%, 65%, and 75% v/v to the pure commercial liquor (Figure 3 ). Only 50 μL of volume of the sample was deposited in a uniform layer on the surface of the electrode of quartz crystal 3 Journal of Sensors to be analyzed. The deposition has been achieved using a microfluidic system.
Crystals and the Holder
Cell. The 10 MHz quartz crystals were purchased from International Crystal Manufacturing. According to the manufacturer, the crystal diameter is 13.66 mm, the electrode diameter is 5.1 mm, and the crystal thickness is 167 μm.
The holder cell has been designed and built in the mechanical laboratories at Central University in Bogotá, Colombia.
Figures 4(a)-4(c) show the crystal plate and the fluidic cells designed for depositing the fluid sample over the crystal electrode using a pressure pump. This technique permits the obtainment of measures related to the behavior of the crystal and the deposition of the samples with a constant flux without the need to manipulate the crystal. In this way, the reference measure is conserved. The sealing system is based on magnets, and the magnets permit a very reliable sealing and an easy way to open and close the cell.
3.3. QCR System. The development of the QCR system has been based on Nakamoto and Kobayashi's proposal [18] . In particular, the proposed circuit gets the voltage and current signal in the crystal for several frequencies in a configurable bandwidth close to the crystal resonance frequency (f s ) indicated by the manufacturer (10 MHz in the current study). The current system is connected to a laptop using a software interface designed in Labview in order to control the sensor and to acquire and to visualize the signals.
All systems have been developed by the coworker team, and all technical details for the measurement system and methods to obtain the changes in the admittance curve (f s and Γ) are described in [11, 12] . Figure 5 (a) shows the current QCR prototype system. In future work, the prototype will be miniaturized with the aim of increasing the portability of the system, so the user can analyze the sample in any place.
Figures 5(a) and 5(b) show the microfluidic system that was used on the experiments. The system consists of two syringe pumps: the first pump injects the buffer liquid on the fluidic system and the second pump injects the sample on the fluidic system. The sample has to pass through a loop where it is stored and waits for the valve activation; when that happens, the sample can pass through the crystal.
3.4. Viscosity of the Reference. For this work, the reference viscosity values have been obtained using the viscometer Fungilab Smart (Figure 6 ) and the spindle LCP because the samples have low viscosity range.
Measurement Protocol.
The measurement protocol is as follows: to configure the frequency sweep using the system interface (frequency range, sweep step, and number of cycles) and to calculate the series resonance frequency (F 0 ) and the half-band half-width (Γ 0 ) using the developed code in Labview for each cycle. These measures are taken ten times for the bare crystal. The final values are the averages of the ten measures. To put the sample for analysis on the electrode surface of the quartz crystal (50 μL of volume), the microfluidic system has been used. The frequency range in the user interface needs to be adjusted in order to obtain the admittance values of the quartz crystal in contact with the liquid sample. Due to the sample effect, the curves are shifted in the frequency axis. For the results obtained in this work, the measures with the sample (F s , F r ′ , Γ s , and R s ′ ) are taken 100 times (ca. 3 minutes) and the final values are the averages of the measures. To obtain ΔF s = F s -F 0 and ΔΓ = Γ s -Γ 0 . The density values were obtained using an analytical balance. The mass of each solution was found from 1 mL of its volume.
3.6. Cleaning Protocol. Before each experiment, the sensor crystal was cleaned in 96% acetone and 99.5% isopropyl alcohol for 5 min each; then, it is rinsed with Milli-Q water and dried in air.
Results and Discussion
According to the measurement process described in Materials and Methods, the results obtained are the following: Figure 7 shows the behavior of ΔF s and ΔΓ for each sample of adulterated alcohol. According to these results, the best variable to differentiate between grades of adulteration in the alcohol sample (percentage of methanol) is ΔΓ due to its more sensitivity (the curve slope is higher). Table 1 shows the results for different tests done in an independent way. One hundred measures for each test have been done. The values have been averaged. In all cases, the value (ΔΓ) decreases when the methanol quantity increases. In other words, the slopes for each test are similar to the Journal of Sensors trend (negative slope), which indicates that the results are coherent and reproducible and they have a good level of precision. According to these results, SD is less than 10% in all cases. Figure 8 shows the resultant curve based on the average of the tests. Error bars are calculated using the standard deviation of data tests for each mixture. According to this figure, the prototype proposed can be used to determinate the degree of adulteration of each sample in a wide range. The reason for this capability is that the piezoelectric sensors (QCR) have high sensibility for viscosity changes. In particular, the adulteration process adds methanol to the liquor mixture generating a decrease in the viscosity of the liquor in relation to a legal liquor (negative slope in Figure 9 ). This decrease in the viscosity value ( Figure 9 , gray line) is related to the resonance of the quartz crystal; in this way, reading the frequency of resonance of the quartz crystal is possible, associating the change of this frequency with the change of the viscosity of the mixture.
According to Figure 9 , the values obtained for all samples using the QCR sensor have been compared with those using the commercial equipment "viscometer Fungilab Smart" available in the material laboratory at Central University. Figure 9 permits the observation of the similar behavior between the results obtained with a commercial viscometer and the values obtained in the tests using the QCR sensor. The viscosity values have been found using (2) with the data shown in Figure 9 . The density values were obtained using an analytical balance. The mass of each solution was determined from 1 mL of its volume.
In Figure 10 , the red circle zone indicates that the QCR response is better than that of the viscometer because the Fungilab measures are very close in this range (25%-50% of adulterated mixture).
In accordance with the previous results, the prototype generates a very close response in comparison with the commercial equipment. In consequence, the data obtained are reliable. As an additional attribute, the quantity of the sample 5 Journal of Sensors used in the comparison between the prototype QCR and the commercial equipment is tens of microliters and tens of milliliters, respectively. In consequence, the prototype proposed is more efficient about the quantities of the samples used.
Conclusions
In the present work, the effectiveness of a low-cost piezoelectric sensor to detect fake liquor has been demonstrated through simple experiments. The capability of the quartz resonator to identify changes in the viscosity of liquid samples through an electronic transduction and characterization of its admittance response allows us to carry out the present study to detect in a clear way the changes in concentration of methanol in a common alcoholic drink like Ron. In consequence, this device could allow the identification of adulterated alcohol with a small amount of sample (tens of microliters).
In a future phase, the device will be optimized in size, its portability will be improved, and it will be connected to a smartphone. In addition, more tests with real adulterated liquor should be conducted with the aim of verifying the presence of minimum concentrations of methanol. The real adulterated liquor samples could be obtained through an agreement with the Colombian police. 
